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ABSTRACT

In winds approaching hurricane strength, spray droplets proliferate. Once created, these droplets accelerate
to the local wind speed in 1 s or less and thereby extract momentum from the wind. Because these droplets
have substantial mass, they eventually plunge back into the ocean, delivering their horizontal momentum to the
surface in the form of a spray stress. Inadequate information on the production rate and size distribution of
spray droplets, however, hampered previous attempts to estimate the magnitude of this spray-mediated momentum
exchange. This paper therefore uses recent estimates of the spray generation function to reconsider spray’s ability
to alter air–sea momentum exchange. Conservation of momentum requires that spray cannot enhance the air–
sea stress beyond what the large-scale flow dictates. However, spray can redistribute stress in the near-surface
atmosphere since the wind must slow if the spray droplets accelerate. For a wind of 30 m s21, spray supports
about 10% of the surface stress; for a wind of about 60 m s21, spray supports all of the surface stress. The
paper goes on to show how this partitioning affects the near-surface wind speed profile. Last, the paper reviews
evidence that suggests the sea surface undergoes a transition in its aerodynamic behavior in the wind speed
range 30–40 m s21. The fact that whitecap coverage extrapolates to 100% in this range may be one cause. Also
in this range, the ‘‘rain’’ of spray droplets back onto the sea surface creates a mass flux with a magnitude that
has been shown to damp the short waves that sustain most of the atmospheric drag on the sea surface. As a
consequence, spray may play a key role in a negative feedback loop that limits air–sea momentum transfer.

1. Introduction

When sea spray droplets are thrown into the air, they
accelerate almost immediately to the local wind speed.
This process extracts momentum from the near-surface
wind and therefore slows it. When these droplets then
crash back into the sea, they transfer this momentum to
the sea surface as a surface stress. Thus, conceptually
at least, sea spray has the potential to alter the near-
surface distributions of momentum and stress on both
the air and water sides of the air–sea interface. Munk
(1955) may have been the first to identify this process.

Others who have looked at spray’s role in air–sea
momentum exchange, however, generally found it in-
significant. I will use the term interfacial stress to iden-
tify the usual air–sea momentum flux or surface stress,
which we commonly parameterize with the 10-m wind
speed (U10), the air density (ra), and the 10-m drag
coefficient (CD10) as

2t 5 r C U .a a D10 10 (1.1)

Considering only jet droplets, Monahan (1966) esti-
mates that the spray stress in a near-surface wind of
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9.1 m s21 is less than 0.01 N m22—less than 10% of
the interfacial stress at this wind speed. Wu (1973) con-
cludes that, for wind speeds up to 14 m s21, the spray
stress is less than 0.1% of the interfacial stress.

Fairall et al. (1994) do an analysis similar to Wu’s
(1973) but with better information about the behavior
of the sea spray generation function. Remember, the
spray generation function quantifies the rate at which
spray droplets are produced at the sea surface as a func-
tion of droplet radius and wind speed (e.g., Andreas
2002). Fairall et al. conclude that the spray stress is about
10% of the interfacial stress when U10 5 50 m s21 and
is about 1% when U10 5 20 m s21 (cf. Mestayer et al.
1996).

Pielke and Lee (1991) use a kinetic energy argument
that is fundamentally different from these analyses by
Wu (1973) and Fairall et al. (1994) to estimate how
spray might alter the near-surface wind speed profile.
Without referring to any of the papers on the near-sur-
face distribution of spray that were available to them,
they guess what the near-surface water loading from sea
spray might be to complete their analysis. With a spray
water loading right at the surface of 0.50 kg m23, their
largest value, Pielke and Lee estimate that the wind
speed at a height of 1 m would be retarded by about
2 m s21 for 10-m wind speeds between 20 and 35 m s21.
Although they do not also calculate how spray might
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affect the surface stress under such conditions, I estimate
that, because of the decreased gradient in the wind speed
profile right at the surface, the spray stress would con-
stitute about 40% of the undisturbed interfacial stress
for the conditions they model.

In reviewing Pielke and Lee’s (1991) analysis, how-
ever, Fairall et al. (1994) conclude that the maximum
spray water loading they assume is about 40 times too
large, even if the wind speed were 40 m s21. Even the
minimum water loading they consider, 0.05 kg m23, is
4 times too large. I concur with Fairall et al. that Pielke
and Lee’s analysis does not represent a realistic spray
environment.

Caldwell and Elliott’s (1971, 1972) studies of how
rain might affect the surface stress and the near-surface
wind speed profile are also pertinent here. In particular,
they estimate the ratio of rain stress (tR) to the interfacial
stress to be

t /t 5 0.16R/U ,R a 10 (1.2)

where R is the rainfall rate in millimeters per hour. They
thus conclude that a high rainfall rate of several tens of
millimeters per hour would make this ratio 20%–30%
for wind speeds of 10–20 m s21.

Caldwell and Elliott’s (1971, 1972) rain studies high-
light some interesting differences with spray processes.
The rain-at-sea problem, as posed by Caldwell and El-
liott, is an open system. The raindrops form high in the
atmosphere, fall through layers with relatively high
wind speeds, and thus reach the near-surface atmo-
spheric layer with relatively high horizontal speed. They
thus decelerate in the slower flow within a few tens of
meters above the sea surface and therefore transfer mo-
mentum to the near-surface flow. Because raindrops en-
ter the system with relatively high horizontal speed,
(1.2) shows that their relative effect on surface stress
actually decreases as the 10-m wind speed increases—
mainly because ta goes as [see (1.1)], while tR goes2U10

only as U10.
The spray problem, in contrast, presents a closed sys-

tem. The ocean creates spray droplets, they are airborne
in the near-surface atmosphere for a while, and then
they return to the ocean. Intuitively, we realize that spray
may be able to redistribute momentum in the air and
the sea, but its ability to change the total downward
momentum flux is not obvious. Second, unlike the rain
problem, the amount of airborne spray depends on the
local wind speed—approximately as its third power
(e.g., Andreas 2002). Spray effects may thus increase
dramatically with increasing wind speed. In fact, An-
dreas and Emanuel (2001) infer that the spray stress
goes as the fourth power of the friction velocity, u*.

Here, I provide some of the details that are missing
in Andreas and Emanuel’s (2001) analysis and clear up
some misconceptions in their work. In particular, An-
dreas and Emanuel assume that the spray stress just adds
to the stress that would be present under similar con-
ditions in the absence of spray. Because the spray system

is closed, however, this assumption violates conserva-
tion of momentum. As a result, I must revise some of
Andreas and Emanuel’s inferences.

With these new insights, I explain that spray’s main
role is to redistribute the wind’s momentum in the near-
surface layer. In other words, spray can slow the near-
surface wind speed—by as much as 3 m s21 in a
36 m s21 wind. As a result, although the total surface
stress may be the same as in the absence of spray, the
spray contribution to that stress increases with wind
speed while the interfacial contribution decreases.

Last, I suggest how spray might indirectly affect air–
sea momentum coupling. Since the mass flux of the
spray produced increases as the cube of u*, and because
most of this mass falls back onto the ocean surface,
spray could suppress wave growth. That is, the spray
may provide a regulating mechanism with negative
feedback that limits air–sea momentum transfer. Simply
put, higher winds build waves and produce more spray;
but, in turn, more spray falls back on the surface and
knocks down the waves.

2. Formulation for the spray stress

a. Mathematical background

Estimating how spray drags on the near-surface wind
and transfers momentum to the sea surface is conceptually
easy. The spray generation function dF/dr0 quantifies how
many spray droplets with initial radius r0 are produced per
square meter of surface per second per micrometer incre-
ment in droplet radius as a function of the 10-m wind
speed U10. If the spray droplets accelerate to horizontal
speed usp(r0) before falling back into the sea, the rate at
which they extract momentum from the air is (cf. Fairall
et al. 1994; Andreas and Emanuel 2001)

rhi4p dF
3t 5 r m (r )r dr . (2.1)sp,air w E sp 0 0 03 dr0r lo

Here, rw is the density of seawater, and rlo and rhi are
the lower and upper radius limits of the droplets that
are important in this process. Typically, rlo ø 1 mm, and
rhi ø 500 mm.

Likewise, we can formally express the spray stress
on the sea surface by first defining the mass flux of
droplets with radius r falling back on the sea. This is

4p
3M (r) 5 r r u (r)C (r), (2.2)sp w f 03

where u f (r) is the terminal fall speed of droplets with
radius r (e.g., Andreas 1990), and C0(r) is the near-
surface number concentration of these droplets.

If droplets with radius r hit the sea surface with a
horizontal speed of usp(r), the total sea surface stress
they impart is thus

rhi4p
3t 5 r u (r)u (r)r C (r) dr. (2.3)sp,ss w E sp f 03 r lo
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FIG. 1. The time tac required for sea spray droplets starting with
no horizontal speed to accelerate to within e21 of the indicated wind
speed U10. Here, t f is the typical atmospheric residence time for
droplets of initial radius r0 at the indicated wind speed [see (2.10)].
For these calculations, the air temperature is 208C, and the barometric
pressure is 1000 hPa.

I formulate (2.2) and (2.3) in terms of r rather than r0

to acknowledge that the spray droplets may lose some
mass by evaporation during their brief flights above the
sea surface.

But a common assumption in this field is that, at least
for the droplet sizes relevant to spray momentum trans-
fer, the near-surface spray distribution is in equilibrium
(e.g., Moore and Mason 1954; Fairall and Larsen 1984;
Andreas and DeCosmo 1999). That is, the rate at which
droplet mass is produced is equal to the rate at which
droplet mass falls back into the sea. Mathematically,
this equilibrium requires

dF
3 3r 5 u (r)r C (r). (2.4)0 f 0dr0

In the very high winds that are my focus here, the
near-surface relative humidity will be well above 90%.
Consequently, the massive droplets that contribute most
to the integrals in (2.1) and (2.3) will shrink by evap-
oration by, at most, 20% in radius (or by less than 50%
in mass) (Andreas 1990). Thus, from (2.4),

dF
ø u (r )C (r ). (2.5)f 0 0 0dr0

As a result, the rate at which spray extracts momen-
tum from the air, tsp,air in (2.1), is nearly equivalent to
the stress that spray imparts to the sea surface, tsp,ss in
(2.3):

t [ t $ t .sp sp,air sp,ss (2.6)

Henceforth, by spray stress, tsp, I can mean either (2.1)
or (2.3), although I will use (2.1) to compute the greatest
upper bound on the spray stress. And this estimate will
be no more than a factor of 2 greater than tsp,ss.

Evaluating (2.1) requires only two pieces of infor-
mation: the spray generation function dF /dr0 and the
horizontal speed usp(r0) that spray droplets reach before
falling back into the sea. Andreas (2002) collects and
reviews the spray generation functions available in the
literature and identifies several reliable candidates for
this function. Therefore, I next evaluate the droplet
speed usp(r0).

b. Horizontal droplet speed

The horizontal force balance on an airborne spray
droplet of radius r0 in a mean wind of speed U is (e.g.,
Wu 1979b; Raupach 1991)

1 4p dud2 2 3pr r C (Re)(U 2 u ) 5 r r . (2.7)0 a d d 0 w2 3 dt

Here, ra and rw are again the air and water densities,
ud is the instantaneous horizontal speed of the droplet,
and Cd(Re) is the drag coefficient of a spherical droplet
with Reynolds number

(U 2 u )(2r )d 0Re 5 , (2.8)
n

where n is the kinematic viscosity of air.
On rearranging (2.7), I get

2du 3 r (U 2 u )d a d5 C (Re) . (2.9)ddt 8 r rw 0

I solved this for ud as a function of time with a fourth-
order Runge–Kutta formula (Press et al. 1992, 701–
708). For Cd(Re) here, I used the relations for various
Re ranges given in Table 5.2 of Clift et al. (1978, p.
112).

I integrated (2.9) until ud was within 1% of U. Along
the way, I also identified the time tac, from creation of
the droplet, for which ud was within e21 of U. That is,
at tac , the droplet has accelerated from rest to speed
(1 2 e21)U 5 0.632U. Figure 1 shows tac for droplets
with radii at formation between 1 and 5000 mm. This
time to accelerate is a function also of the local wind
speed since the droplet drag coefficient depends on this
through the Reynolds number (2.8). As a reference stan-
dard, I use the 10-m wind speed for U in (2.7)–(2.9)
and in Fig. 1.

Figure 1 shows that droplets for which r0 # 500 mm,
where we have reliable values for the spray generation
function, reach 63% of the local wind speed in much
less than a second. Notice that droplets take longer to
reach this limit in 10 m s21 winds than in 50 m s21

winds because the initial drag force on a droplet is ap-
proximately 25 times as great at 50 m s21. Nevertheless,
the difference in acceleration times for the different
wind speeds is less than an order of magnitude for all
droplets in Fig. 1.

To decide whether the tac values depicted in Fig. 1
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FIG. 2. Estimates of the spray stress computed from (2.1) for the
spray generation functions from Andreas (1992, 1998) and Fairall et
al. (1994). The extent of these curves reflects the wind speed range
over which the functions are appropriate. The ‘‘Heuristic’’ line comes
from Andreas and Emanuel (2001) and is (2.14). For comparison,
the total stress is just t 5 ra .2u

*

limit the momentum exchange that the spray can me-
diate, we need an estimate of how long the droplets
remain airborne. For an estimate of this residence time,
Andreas (1992) introduces

A1/3t 5 , (2.10)f u (r )f 0

where u f (r0) is again the fall velocity of a droplet with
radius r0, and A1/3 is the significant wave amplitude,
which I estimate as (Andreas 1992)

2A 5 0.015U .1/3 10 (2.11)

Here, A1/3 is in meters when U10 is in meters per second.
The largest droplets that carry most of the spray mo-
mentum form as spume at the crests of waves. Equation
(2.10) therefore simply estimates how long these drop-
lets take to fall back into the sea. Figure 1 also shows
t f as a function of r0 and U10.

According to Fig. 1, except for wind speeds of
10 m s 21 and less, all droplets up to 500 mm in radius
are airborne for at least 1 s. Because the wave amplitude
grows with wind speed, higher wind speeds allow the
droplets even longer to accelerate to the local wind
speed.

On comparing tac and t f in Fig. 1, I conclude that,
for the wind speeds I treat here, all droplets with radii
up to 500 mm will be essentially traveling at the local
wind speed. Schmidt’s (1982) measurements of particle
speed and wind speed in blowing snow corroborate this
conclusion. Therefore, in (2.1), usp(r0) is independent
of r0; I estimate it from

u* z
U(z) 5 ln , (2.12)1 2k z0

where U(z) is the wind speed at height z, and k (50.40)
is the von Kármán constant. In writing (2.12), I also
implicitly assume that stratification effects on the wind
speed profile are negligible for the high wind speeds
that are my focus. To estimate usp, I substitute A1/3 for
z in (2.12).

In (2.12), I model the roughness length z0 with Char-
nock’s relation,

2u*
z 5 0.0185 , (2.13)0 g

where g is the acceleration of gravity. The value I use
for the Charnock constant in (2.13), 0.0185, is a typical
value for the young waves that likely exist in high winds
(e.g., Wu 1982b; Johnson et al. 1998; Toba et al. 2001;
Andreas and Emanuel 2001). In (2.13), z0 is in meters
when u* and g are in MKS units.

c. Spray stress

Figure 2 shows estimates of the spray stress computed
from (2.1) for droplets with radii from 1–2 to 500 mm.
For dF/dr0 in (2.1), I use three spray generation func-

tions that Andreas (2002) concludes are reliable for
droplets in this size range and for the various wind speed
limits shown in the figure. The figure also shows the
total stress imposed by the large-scale flow, which I
take as t 5 ra . This flow therefore also sets u*.2u*

Figure 2 corroborates the analyses by Wu (1973) and
Fairall et al. (1994): For wind speeds of 30 m s21 and
less, where we have observations, the spray stress is, at
most, 10% of the total (mostly interfacial) stress. The
total stress, however, goes as the square of u*, while
Fig. 2 suggests that the spray stress depends more
strongly on u*. Andreas and Emanuel (2001) first sug-
gested that tsp goes as the fourth power of u*. This
behavior is fairly easy to see: In (2.1), dF/dr0 goes ap-
proximately as (e.g., Andreas 2002), while from3u*
(2.12), usp(r0) goes as u*. The calculations of tsp in Fig.
2 that are based on the spray generation functions of
Andreas (1992, 1998) and Fairall et al. (1994) all tend
to approximate this dependence.4u*

Andreas and Emanuel (2001) therefore assume that
tsp is proportional to and tune the proportionality4u*
constant to agree with calculations in Fig. 2 and to pro-
duce reasonable simulations in Emanuel’s (1995) trop-
ical cyclone model. Their result is the ‘‘Heuristic’’ line
in Fig. 2,

25 4t 5 6.2 3 10 r u ,sp w * (2.14)

which gives tsp in newtons per meter squared when rw

is in kilograms per meter cubed and u* is in meters per
second. I henceforth take (2.14) as a simple estimate of
the spray stress.

Notice in Fig. 2 how (2.14) behaves. Since it goes as
, it eventually becomes comparable to the total stress4u*

for 10-m wind speeds above 50 m s21. Of course, we
have no irrefutable evidence that t continues increasing
with wind speed as suggested in Fig. 2 for wind speeds
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above 30–40 m s21. Stress t must go as by definition.2u*
However, the relation between U10 and u* in Fig. 2 (and
in later figures) is through (2.12) with z0 given by (2.13),
which I have extrapolated far beyond the wind speed
range for which it has been verified.

Likewise, the increase in spray stress that (2.14) pre-
dicts is also very speculative. My justification for mak-
ing these predictions, though, is that our understanding
of the physics for lower wind speeds suggests them, and
we need such theoretical guidelines to improve predic-
tions for the intensity of ocean storms (e.g., Emanuel
1999; Lighthill 1999; Andreas and Emanuel 2001).

3. Effect on the wind speed profile

Caldwell and Elliott (1971, 1972) and Pielke and Lee
(1991) estimate how water droplets influence the near-
surface wind speed profile. Caldwell and Elliott study
the force balance on raindrops to make their estimates.
Pielke and Lee assume that the kinetic energy at height
z is conserved for the wind and droplet system and then
assume a profile of suspended water mass to estimate
how spray affects the wind speed profile.

Here though, I take a third approach that comes from
the literature on saltation—for example, Radok (1968),
Pomeroy and Male (1987), and Raupach (1991). This
is basically a conservation of momentum argument in
which I assume that the total stress is constant with
height in an atmospheric surface layer. As above, I de-
note this total stress as t 5 ra ; in a large-scale model,2u*
it might come from a geostrophic drag relation or, as
in Andreas and Emanuel’s (2001) hurricane model, from
a gradient wind relation. Belcher and Hunt (1993), Ku-
dryavtsev and Makin (2001), and Hara and Belcher
(2002), among others, similarly assume that t is constant
with height in the wave boundary layer, where they
partition that total stress among several components.

In the droplet evaporation layer, I partition t between
the stress supported by the air, ta(z), and by the sea
spray, tsp(z) (cf. Pomeroy and Male 1987; Raupach
1991). That is,

2t [ r u 5 t (z) 1 t (z).a a sp* (3.1)

In analogy with t and u*, I can define a local friction
velocity u*(z) from the local air stress such that

2t (z) 5 r [u (z)] .a a * (3.2)

Equations (3.1) and (3.2) provide an estimate of u*(z)
from quantities we know:

1/2
t (z)sp2u*(z) 5 u* 2 . (3.3)[ ]ra

However, I can also estimate ta(z) from first-order
closure, as usual in an atmospheric surface layer;

dU
t (z) 5 r K (z) , (3.4)a a m dz

where dU/dz is the vertical gradient in wind speed. Even
in a flow with suspended particles, it is common to
model the turbulent diffusivity for neutral stratification
as (e.g., Fairall et al. 1990; Rouault et al. 1991; Wamser
and Lykossov 1995; Bintanja 1998; Xiao and Taylor
2002)

K (z) 5 ku (z)z,m * (3.5)

which, with (3.3), becomes

1/2
t (z)sp2K (z) 5 kz u* 2 . (3.6)m [ ]ra

Although in high winds the droplets most relevant to
momentum transfer are created as spume droplets near
the wave crests, these diffuse both up and down to pro-
duce relatively smooth droplet profiles (e.g., de Leeuw
1986, 1987). From modeling results (i.e., Andreas et al.
1995; Edson et al. 1996; Mestayer et al. 1996), Andreas
and DeCosmo (1999) develop a speculative profile for the
concentration C of droplets with radius r0 at height z,

z lnb
C(z, r ) 5 C (r ) exp . (3.7)0 0 0 1 22A1/3

Here, C0(r0) is again the surface concentration of drop-
lets with radius r0, b is a constant taken as 0.001, and
A1/3 comes from (2.11).

Other expressions for C(z, r0) exist; Toba’s (1965)
may be the best-known alternative. Fairall et al. (1990)
update Toba’s formulation, and their result has several
similarities with (3.7). Namely, both predict C(z, r0) as
exponential functions of z, scale z with a length scale
connected to the height where the droplets originate,
and scale C(z, r0) with the concentration of droplets
with radius r0 at a fixed height. I prefer (3.7) because
it is computationally simpler and I have had more ex-
perience using it.

Since spray droplets accelerate to the local wind speed
almost immediately, as a first approximation, I can as-
sume that the spray stress profile, tsp(z) in (3.1), also
has a form like (3.7). Since I have already established
that (2.14) gives the spray stress right at the surface
tsp(0), I simply write by analogy with (3.7) that

z lnb
t (z) 5 t (0) exp . (3.8)sp sp 1 22A1/3

On substituting (3.4), (3.6), and (3.8) into (3.1), I get
a differential equation for the wind speed profile when
spray is present,

1/2
t (0) z lnb dUsp2 2r u* 5 r kz u* 2 expa a 1 2[ ]r 2A dza 1/3

z lnb
1 t (0) exp , (3.9)sp 1 22A1/3

or, with some rearranging,
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FIG. 3. Near-surface wind speed profiles with and without spray
present as a function of the friction velocity u

*
. These results come

from integrating (3.11). For these calculations, the air temperature is
208C, and the barometric pressure is 1000 hPa.

FIG. 4. Near-surface profiles of total stress t and the local air
stress, ta(z) in (3.1), for the same conditions as in Fig. 3.

t (0)u* z lnbsp
2 exp1 2kz r kzu* 2Aa 1/3dU

5 . (3.10)
1/2dz t (0) z lnbsp1 2 exp

2 1 2[ ]r u* 2Aa 1/3

The tsp(0) term in the denominator here is much
smaller than 1. Hence, (3.10) essentially reduces to

25 3dU u* 6.2 3 10 r u* z lnbw5 2 exp , (3.11)1 2dz kz 2r kz 2Aa 1/3

where I keep terms only to first order in tsp (0) and have
used (2.14) to replace tsp (0).

We see from (3.11) that U(z) approaches the usual
semilogarithmic profile for large z. However, near the
surface, the spray reduces the wind speed gradient and
retards the wind speed in comparison with what the
semilogarithmic relation predicts. Further, that decel-
eration grows roughly as because spray production2u*
goes roughly as .3u*

I could integrate (3.11) exactly to obtain U (z), but
the result is an infinite series that converges very
slowly. Therefore, as an alternative, I simply inte-
grated (3.11) numerically. That integration actually
computes U (z) 2 Us , where Us is the surface drift
current, which is typically estimated as 0.5u* (Wu
1975; Donelan 1998). Figure 3 shows resulting near-
surface profiles of U (z) 2 Us .

In integrating (3.11), I had to specify the boundary
conditions. Even with spray present, I set U(z0) 5 Us,
with z0 computed from (2.13). Thus, in Fig. 3, the pro-
files with and without spray meet at z0. Since z0 is not
a physical quantity, I see no good reason why the wind
speed profile with spray should have the same lower
limit as the profile without spray (i.e., the semiloga-
rithmic profile). I simply chose this lower integration

limit because it was the most obvious arbitrary choice.
Second, it provided the best physical picture: that is,
with spray present, the wind speed at all levels in Fig.
3 is less than the wind speed without spray, and that
difference is the most it could be.

The friction velocities depicted in Fig. 3, 1.0, 1.5,
and 2.0 m s21, correspond to undisturbed 10-m winds
of 21.4, 29.1, and 36.0 m s21. Thus, I have not extrap-
olated any of the spray parameterizations too far into
unknown territory. Still, even for u* 5 2.0 m s21, the
spray slows the 10-m wind speed by over 3 m s21. This
effect is large enough to be measured if it were possible
to deploy anemometers so near the surface and to re-
trieve data from them in such violent conditions.

The weaker near-surface velocity gradients of the pro-
files with spray in Fig. 3 indicate that the momentum
flux in the air, ta(z), is less than without spray (i.e., t
5 ra ). These gradients get weaker as the surface is2u*
approached. That is, ta(z) is not constant with height in
the layer containing the spray; it is smallest right at the
surface but increases to t above the spray layer. Figure
4 shows these total and local air stress profiles—the
latter computed from (3.2), (3.3), and (3.8)—for the
same three friction velocities as in Fig. 3.

Figure 4 reiterates my assumption that the total stress
is constant with height. Again, the stress that the near-
surface air supports—the local stress ta(z)—decreases
as z decreases because the spray droplets carry more
and more of the stress. Figure 4 suggests that we can
investigate the validity of this modeling by measuring
the ta(z) profile near the surface with eddy-covariance
techniques. If the instruments could survive in winds
of 36 m s21 and could be made insensitive to the spray
velocities, they would show a systematic 10% decrease
between ta(z) values measured at 20 and at 5 m. Un-
fortunately, this difference is near the precision of cur-
rent in situ eddy-covariance instruments. However, the
fact that the stress profile in the presence of spray has
the opposite behavior typically found in the atmospheric
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boundary layer, where the stress generally increases to-
ward the surface, could improve the signal-to-noise ra-
tio.

4. Discussion

a. A sea surface transition?

My motivation for doing this study is to understand
air–sea momentum exchange in high winds—of hurri-
cane strength, 35 m s21 and above. Several pieces of
information suggest, however, that we cannot do as I
have done and simply extrapolate what we know about
air–sea transfer in winds below hurricane strength to
winds above hurricane strength.

For example, Monahan and Ó Muircheartaigh’s
(1980) expression for the coverage W of stage-B white-
caps is

26 3.41W 5 3.84 3 10 U .10 (4.1)

Wu (1988) formulated an analogous expression that
reads (cf. Wu 1979a)

26 3.75W 5 2 3 10 U .10 (4.2)

In both of these, U10 is the 10-m wind speed in meters
per second, and W is the fractional coverage of stage-
B whitecaps, which are the surface expressions of de-
caying bubble plumes (Monahan 1993). See also Mon-
ahan and Ó Muircheartaigh (1982), Wu (1982a, 1989),
and Monahan and Woolf (1989) for discussions of these
analyses.

When U10 5 38.7 m s21, the first relation predicts
W 5 1—the surface is totally covered in whitecaps; the
second predicts W 5 1 when U10 5 33.7 m s21. Co-
incidentally, 32.7 m s21 is the lower wind speed limit
for Beaufort force 12, when winds are termed ‘‘hurri-
cane’’ strength, and the sea is ‘‘completely white with
driving spray’’ (Bowditch 1977).

Of course, you may argue that (4.1) and (4.2) over-
simplify the whitecapping process. They do. We know,
for example, that whitecap coverage also depends on
the sea surface temperature because the kinematic vis-
cosity of seawater depends strongly on water temper-
ature (e.g., Monahan and Ó Muircheartaigh 1986; Bort-
kovskii 1987; Anguelova 2002). Whitecap coverage
also depends on surface salinity (Monahan 1971; An-
guelova 2002) and dynamic influences such as fetch,
duration of the wind, and relative wind and wave ori-
entation. As a result, (4.1) and (4.2) are accurate only
to about a factor of 2.

Nevertheless, my point is that, despite their uncer-
tainty and simplicity, (4.1) and (4.2) are compatible and
suggestive. Both forecast a transition in the sea surface
in the range of wind speeds between 30 and 40 m s21.
I am concerned whether what we know about sea surface
physics still applies beyond this transition, when the sea
surface is totally bubbly and becomes ‘‘too thick to
breathe and too thin to swim in’’ (Kraus and Businger
1994, p. 58).

A second piece of information that raises my concern
about extrapolating beyond wind speeds of 30–40 m s21

comes from studies in wind–wave tanks and tunnels.
For example, the measurements by Alamaro et al. (2002)
in an annular wind–wave tank suggest that the neutral-
stability, 10-m drag coefficient, CDN10, increases roughly
as we would predict from oceanic measurements (e.g.,
Smith 1980; Large and Pond 1981) up to 10-m wind
speeds of 25–30 m s21 but then decreases gradually with
increasing wind speed. M. A. Donelan (2003, personal
communication) finds qualitatively similar behavior for
CDN10 in the Miami linear wind–wave tunnel. His CDN10

values rise with wind speed as they do over the ocean
until U10 reaches 33 m s21, and then they level out at
this maximum value with increasing wind speed.

Alamaro et al. (2002) and M. A. Donelan (2003, per-
sonal communication) are careful, however, to explain
the limitations of their laboratory observations. The tank
that Alamaro et al. used was only about 1 m in diameter.
Donelan’s tank is 15 m long, 1 m wide, and 1 m deep,
with that latter 1 m one-half air and one-half salt water.
Consequently, neither tank can support the longer waves
that exist at sea. Both tanks, however, do reproduce the
processes that are our main interest here. That is, in high
winds, the tanks exhibit continuous wave breaking, pro-
lific spume production, whitecaps, and very bubbly wa-
ter. Thus, although the scales available in laboratory
tanks may mean that quantitative results obtained in
them are not directly comparable to ocean results, they
can help us to understand ocean processes. That is all
I am arguing here: Observations in wind–wave tanks
support the idea that the air–sea interface undergoes a
transition in its aerodynamic behavior when the water
becomes totally bubbly from intense wave breaking.

Measurements of CDN10 over the ocean, however, are
contradictory when we look for this transition. Garratt’s
(1977) classic review is the main reason that we believe
Charnock’s relation, (2.13), is valid for surface-level
winds up to at least 50 m s21. He shows the drag co-
efficient to increase monotonically and to be well pre-
dicted by (2.13) for winds ups to 50 m s21. Wu (1982b)
analyzes some of the same data that Garratt used and
also includes more-recent observations but reaches the
same conclusion: The Charnock relation works for wind
speeds up to 50 m s21. Kondo’s (1975) analysis predated
both of these; although he does not consider the Char-
nock relation, he finds the 10-m drag coefficient to in-
crease continuously for wind speeds up to 50 m s21.

Recent observations, in contrast, suggest that CDN10

does not increase monotonically. On the basis of the
near-surface angular momentum budget in Hurricane
Fredric, Kaplan, and Frank (1993) deduce the 10-m drag
coefficient and conclude that it is approximately con-
stant at 1.8 3 1023 and displays no increase with wind
speed for surface-level winds between about 20 and
40 m s21. From dropsonde profiles of the wind speed
in hurricane eyewalls, Powell et al. (2003) infer that
CDN10 has behavior similar to that seen in the laboratory.
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FIG. 5. The total mass flux at the sea surface associated with spray.
The estimates come from inserting (2.5) in (2.2) and using the spray
generation functions from Andreas (1992, 1998) and Fairall et al.
(1994) for dF/dr0. The ‘‘Heuristic’’ estimate derives from (2.14).

That is, they report that CDN10 has a maximum in the
wind speed range between 30 and 40 m s21 and then
decreases with increasing wind speed.

The final piece of information that concerns me comes
from mariners who have survived hurricane-strength
winds at sea. Some have reported that the sea seemed
strangely smooth (cf. Le Méhauté and Khangaonkar
1990). For example, oceanographer R. C. Beardsley
(2003, personal communication) was aboard the Woods
Hole ship R/V Chain in February 1969 in the North
Atlantic near 398N and 708W when an extratropical
storm hit. That storm was a ‘‘bomb’’ (Sanders and Gyak-
um 1980): surface-level pressure fell almost 40 hPa in
24 h, and the wind was at Beaufort force 8–12 (speeds
of 19–35 m s21) for at least 1.5 days.

When Beardsley observed the sea surface during the
second day of the storm, he saw it as ‘‘being quite
smooth, with no small-scale waves or wave breaking.’’
The sea surface ‘‘was bright blue-green, like it was a
mixture of water and bubbles made into foam.’’ He
speculated ‘‘that the wind was so strong that any small-
scale waves’’ were ‘‘instantly blown flat.’’ During this
latter half of the storm, neither Beardsley nor the ship’s
log mentions any rain that could have also explained
the smoother sea surface.

Recently, instrumental observations have finally cor-
roborated these first-hand visual observations of a
smoothed sea surface, which were often deemed apoc-
ryphal. Donnelly et al. (1999) report that both C-band
and Ku-band scatterometer measurements of normalized
radar cross section tend to ‘‘saturate’’ for wind speeds
above 25–30 m s21 (cf. Powell et al. 2003). Because
these instruments respond to radar scattering from cap-
illary and short gravity waves, saturation implies that
these waves are no longer growing with increasing wind
speed. Similarly, M. A. Donelan (2003, personal com-
munication) explains that C-band scatterometer obser-
vations of the water surface in the Miami wind–wave
tunnel suggest that the ‘‘geometric roughness’’ of the
surface decreases for effective 10-m winds above about
30 m s21.

I can envision two explanations. The bubbly sea sur-
face might have lower surface tension and, thus, be
unable to support the capillary waves that give the sea
its apparent roughness. Alternatively, because of the
lower tensile strength of the bubbly water (Schmelzer
and Schmelzer 2003), the strong winds may simply rip
the short waves right off the surface. In either case, the
visually smoother sea surface might explain how the
drag coefficient could level off or even decrease with
increasing wind speed.

b. A ‘‘rain’’ of spray

In light of the spray research that I have reported
here, I can think of another reason why the sea surface
might appear smoother or, at least, not get rougher in
high winds. To calculate the spray stress plotted in Fig.

2, I had to collect all the information necessary for
computing the spray mass flux, (2.2). Figure 5 shows
calculations of the total mass flux for the same three
spray generation functions and for the heuristic spray
stress that I used to make Fig. 2.

I plot the mass flux in Fig. 5 in units of millimeters
per hour to invoke an analogy with rain at sea. The
consensus is that rainfall damps waves (e.g., Tsimplis
and Thorpe 1989). For instance, on the basis of a the-
oretical study, Le Méhauté and Khangaonkar (1990)
conclude that, in one hour, a rainfall rate of 50 mm h21

reduces the amplitude of meter-long waves to 62% of
their original amplitude and the amplitude of 10-m
waves to 95% of their original amplitude. From his
theoretical study, Manton (1973) likewise concludes
that a ‘‘heavy’’ rain of 43.2 mm h21 damps out short
waves (wavelengths above 1 m, say) in a few wave
periods. In Manton’s model, the mechanism for this
damping is the vertical mixing over the upper 10–20
cm of ocean that the raindrops produce. This mixing
reduces the near-surface shear stress in the water and
thereby disrupts the wave motion.

Poon et al. (1992) study rain damping in a wind–
wave–rain tunnel. Each of the three rain rates they
created—35, 65, and 100 mm h 21—significantly
damped waves with frequencies between 2 and 5 Hz
(wavelengths from 40 to 6 cm). Tsimplis and Thorpe
(1989) also study rain damping in a laboratory wave
tank; their tank, however, had no wind. For a rainfall
rate of 600 mm h21 , their data show roughly a tenfold
increase in the damping of waves shorter than 27 cm
when compared with conditions with no rain. Although
their simulated rain rate seems unnaturally heavy to me,
Tsimplis and Thorpe’s results again suggest that rain
preferentially damps the shortest waves.

Perhaps merely by coincidence, in Fig. 5, the heuristic
model predicts that, when the wind speed reaches about
30 m s21, spray produces a ‘‘heavy’’ mass flux (i.e.,



JUNE 2004 1437A N D R E A S

FIG. 6. Estimates of the 10-m, neutral-stability drag coefficient with
(i.e., CD10,sp) and without (i.e., CDN10) spray present. The ‘‘With Spray’’
result comes from (4.4); the ‘‘No Spray’’ result comes from (4.5) and
(2.13) and essentially parameterizes the total stress t. For these cal-
culations, the air temperature is 268C, and the barometric pressure is
1000 hPa.

greater than 30 mm h21), which proved significant for
wave damping in these rain studies. That is, somewhere
near a 10-m wind speed of 30 m s21, the mass flux of
spray droplets falling back onto the sea surface is equiv-
alent to a heavy rain.

The rain–wave studies that I have mentioned all agree
that rain damps the shortest waves, those with wave-
lengths shorter than 10 m. But it is exactly these waves
that support most of the interfacial surface stress (Tsim-
plis and Thorpe 1989; Donelan 1998; Makin and Ku-
dryavtsev 1999). Specifically, Makin and Kudryavtsev
(1999) suggest that waves shorter than 10 m support
80% of the interfacial stress, and waves shorter than
1 m support 50% of it. Since sea spray should damp
waves as rain does, the obvious conclusion is that the
spray could potentially make the sea surface both vi-
sually and aerodynamically smoother by quelling the
short waves.

Admittedly, Manton (1973) and Le Méhauté and
Khangaonkar (1990) also show that rain can generate
short waves if the near-surface wind speed is much
greater than the fall speed of the raindrops. Poon et al.
(1992), however, seem to find no change in the rain
damping in their wind–wave–rain tunnel as they in-
creased the wind speed from 4.88 to 6.34 m s21. If the
wind-driven rain were enhancing the wave growth, the
effect still seemed to be smaller than the rain damping
of the waves.

Another point to remember in this discussion is that
rain at sea is an open system, while sea spray is a closed
system. The rain falls from a relatively high-speed layer,
through the slower near-surface layer, and onto the
ocean, thereby carrying horizontal momentum from
aloft to the surface. The spray, on the other hand, simply
redistributes the near-surface momentum. Hence, I see
no mechanism for falling spray to create more waves
than would the wind alone in the absence of spray. I
conclude that if spray has any effect on sea state, it must
be to damp the shorter waves.

c. The drag coefficient with spray

Within the context of the conceptual model that I have
been describing, I can make a simple estimate of how
spray might affect the drag coefficient. From (3.1) and
(1.1), right at the sea surface

2 2r u 5 r C U 1 t (0),a a D10,sp 10 sp* (4.3)

where CD10,sp is the 10-m drag coefficient in the presence
of spray.

Inserting (2.12) and (2.14) in (4.3) and rearranging
terms, I get

2
r kw25 2C 5 1 2 6.5 3 10 u* . (4.4)D10,sp 1 2[ ][ ]r ln(10/z )a 0

To calculate CD10,sp from (4.4), I use (2.13) to specify
z0.

Figure 6 shows CDN10 and CD10,sp. The CDN10 here is
the neutral-stability, 10-m drag coefficient associated
with the total stress, t in (3.1) [or ra in (4.3)], and2u*
is just

2
k

C 5 (4.5)DN10 [ ]ln(10/z )0

by definition. It increases monotonically with u* be-
cause the roughness length in (4.5), modeled with Char-
nock’s relation (2.13), increases with u*. However, be-
cause the spray supports an increasing amount of the
momentum flux as u* increases, (4.4) suggests that
CD10,sp reaches a maximum but then starts decreasing.
Coincidently, this maximum corresponds to a 10-m
wind speed between 30 and 40 m s21.

Realize that I present (4.4) and Fig. 6 as suggestive
rather than conclusive. To derive (4.4), I assume that
(2.12) describes the 10-m wind, but Fig. 3 already shows
that (2.12) overestimates U10 when spray is present. The
effect of this assumption is that (4.4) will underestimate
CD10,sp by, perhaps, 20%–30% for the highest u* values
in Fig. 6.

On the other hand, in deriving (4.4), I ignored the
wave damping of the spray. In effect, this damping
would reduce z0 from what (2.13) predicts and, there-
fore, would make CD10,sp smaller. That is, by ignoring
spray damping, (4.4) predicts CD10,sp to be larger than it
should be.

In light of these offsetting effects, Fig. 6 seems qual-
itatively reasonable (though probably not quantitative-
ly). I could, of course, easily include the effects of the
spray on U10 in (4.3) and subsequently in Fig. 6, but
the simple result (4.4), without that effect, is fairly trans-
parent. The complexity that this detail would have added
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to the calculations also seemed unwarranted since I do
not have enough information to estimate the magnitude
of the offsetting effect of the spray wave damping.

Let me reiterate that (4.3) applies right at the sea
surface. That is, by definition raCD10,sp 5 ta(0). Re-2U10

alize, too, that the values of the drag coefficient that
Powell et al. (2003) report do not corroborate Fig. 6 or
vice versa: We are analyzing different drag coefficients.
My CD10,sp models the surface stress that the frictional
drag of the air supports, ta(0) in (3.1). On the other
hand, the drag coefficient that Powell et al. deduce re-
lates the total surface stress t to U10 and is really an
estimate of CDN10 in (4.5).

Experimentally confirming the prediction in Fig. 6
may be difficult. The standard way to measure ta is with
eddy-correlation instruments placed several meters
above the surface (e.g., Kaimal and Finnigan 1994, p.
219) and then to assume that this measurement is equal
to the surface stress, ta(0). However, as I have shown,
when spray is present, ta is not constant with height.
We would need to extrapolate the measured stress to the
surface to obtain an experimental value of CD10,sp. Equa-
tion (3.1) and Fig. 4 could be a basis for this extrapo-
lation.

5. Conclusions

Conceptually, spray’s ability to alter the distribution
of momentum in the near-surface droplet layer is easy
to understand. Once created, spray droplets accelerate
almost immediately to the local wind speed (see Fig.
1). This process extracts momentum from the wind and
therefore slows the wind near the surface (see Fig. 3).
However, these droplets are massive and eventually fall
back into the sea, carrying the horizontal momentum
that they have extracted from the wind with them.

Based on several reliable estimates of the spray gen-
eration function—the rate at which spray droplets of
initial radius r0 are created as a function of wind speed—
I estimated the rate at which the spray extracts mo-
mentum from the wind and, in turn, delivers it to the
sea. This spray stress increases roughly as the fourth
power of the friction velocity u* and, thus, will even-
tually become comparable to the total stress, which in-
creases only as the square of u* (see Fig. 2). I estimate
that the spray supports all of the surface stress when
the wind speed reaches about 60 m s21, and the spray
stress carries 10% of the total stress when the wind speed
is about 30 m s21.

Besides redistributing momentum, sea spray likely
has an effect on sea state in very high winds. Rain has
been shown to damp short waves (those with wave-
lengths less than 10 m). My calculations suggest that
the mass flux of spray falling back on the ocean is
comparable to a ‘‘heavy’’ rain when the wind speed
reaches about 30 m s21. Spray must therefore also damp
short waves in high winds. The effect would be to make

the sea surface appear visually and aerodynamically
smoother.

The implication here is that sea spray plays a key
role in a negative feedback loop that limits air–sea mo-
mentum exchange, as required by some hurricane mod-
els (e.g., Emanuel 1995; Andreas and Emanuel 2001).
Wind builds waves. When the wind is strong enough
and the waves get high enough, they produce copious
spray. The spray droplets, however, eventually plunge
back to the sea and flatten the shortest waves, which
extract much of the momentum from the wind that is
turned to wave growth. If all of the steps in this loop
ultimately reach comparable magnitudes, the energy in
the wave spectrum, at least at the shortest wavelengths,
must be limited. In turn, the air-to-sea momentum flux
must be limited.

Those spray results and the estimates of whitecap
coverage that I reviewed in the last section suggest that
the sea surface experiences a transition in the wind speed
range 30–40 m s21, when several processes combine to
make it aerodynamically smoother. Very simple math-
ematics, represented in (4.4) and in Fig. 6, bring this
point to light. My results suggest that the 10-m drag
coefficient that models the frictional drag of the air on
the sea surface reaches a peak of about 2.4 3 1023 in
the wind speed range 30–40 m s21 and then decreases
to about one-half of the value it has in light winds by
the time the wind speed reaches 60 m s21.

My work has basically ignored how the spectrum of
wind waves changes with wind speed. The shape of this
spectrum is admittedly crucial to understanding how the
surface stress is partitioned between skin friction and
form drag in low and moderate winds. However, as the
sea undergoes the transition to a totally bubbly surface
in the wind speed range 30–40 m s21, spray processes
assume increasing importance. We could reasonably
speculate that spray processes dominate the air–sea ex-
change mechanism in wind speeds above 50 m s21 (cf.
Emanuel 2003).
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